1. Introduction {#sec1}
===============

The human and industrial overuse of water resources is creating a strain on our natural resources. As such, water is becoming scarce, and it is expected to become the target for conflicts due to its high demand and reduced availability.^[@ref1]^ Water reclamation is of notable significance in developing countries, where the supply and access to clean water are quite limited.^[@ref2]^ Current water filtration strategies are geared toward reclaiming water with the use of membrane-based processes. In water reclamation applications, some of the most common membrane processes are ultrafiltration (UF) and reverse osmosis (RO).^[@ref2]−[@ref4]^ Although both of these technologies have been proven to be effective, the use of high pressure as a driving force to promote water flux is not ideal since high external energy inputs are required and methods are not cost-effective.^[@ref4]^

In contrast, forward osmosis (FO) is a membrane-based process that becomes an asset due to its minimum power consumption; in FO, the flux is generated when a concentrated draw solution creates a high osmotic pressure, which pulls water across a semipermeable membrane from the feed solution.^[@ref3]^ FO is a passive process in terms of energy input, and therefore, membranes are prone to the effects of a low-pressure differential across the membrane. Some of the challenges of FO are contaminant permeation, membrane fouling, and high pretreatment costs. To help address these challenges, researchers in this field have proposed several strategies, such as multiblock copolymers, carbon nanotubes, polymerizable surfactants, and biomimetic membranes.^[@ref5]−[@ref9]^

Biomimetic membranes have gained significant interest due to their higher water flux, solute rejection, and environmental sustainability when compared to available commercial membranes.^[@ref10],[@ref11]^ Processes and materials related to biomimicry are gaining interest in the commercialization for water treatment applications, such as FO. Currently, they demonstrate a set of enhancements that are based on robustness, water permeability, solute selectivity, cost, and compatibility.^[@ref10],[@ref12],[@ref13]^ Even though biomimetic membranes have commercial limitations, they show significant potential for efficiency improvement.^[@ref13]^ Therefore, by incorporating nanocomposite-based membranes, they provide an opportunity for further modifications and performance enhancements.^[@ref14],[@ref15]^

A strategy that is still under development is the use of nonlamellar lyotropic liquid crystals (LLCs) as the selective layer in thin-film composite membranes. Previously, LLCs have been extensively studied for drug delivery purposes and for their use as semiconducting materials.^[@ref16]−[@ref21]^ Nonlamellar lyotropic liquid crystals are an exciting and promising class of materials that may prove useful to fabricate the next generation of biomimetic membranes.^[@ref22]−[@ref24]^ LLCs are nanocompartmentalized biomaterials that can self-assemble in aqueous media and create built-in ordered nanosized pores. These materials can self-assemble into various geometries such as two-/three-dimensional forms, hexagonal, or bicontinuous cubic.^[@ref24]−[@ref26]^

The driving force for the self-assembly is the hydrophobic effect caused by carbon tails to minimize interactions with water.^[@ref27]^ The head groups of the lipids used in the mixture sustain the layer conformation with variation in the packing density.^[@ref28]^ In membrane development, these materials are advantageous because they provide thermodynamic stability, are biocompatible, and are highly stable in excess water.^[@ref29],[@ref30]^ Membranes incorporated with LLCs show great filtration performance and ion selectivity such as the one previously published by Henmi, Nada, and Hamaguchi.^[@ref31]−[@ref33]^

In addition, since the membranes undergo surface modification, the resulting modified membranes have Janus membrane properties. The name Janus comes from the two-faced Roman god; therefore, Janus membranes have two sides with varying properties: one side is hydrophobic and the other, hydrophilic.^[@ref34]^ Janus materials are gaining popularity and show promise due to their properties such as selective transport, antiwetting properties, and fluid transport manipulation among other features.^[@ref35]−[@ref37]^ This article focuses on the development of an LLC-based Janus-type membrane composed of a phosphatidylcholine called 1,2-distearoyl-*sn*-glycero-3-phosphocholine (DSPC) and monoolein (Mo). Monoolein is a glycerol lipid that is already well known to form highly organized LLC structures.^[@ref27],[@ref38]−[@ref40]^ This mixture is assessed to understand further the feasibility of a membrane with a variation in the monomer composition and provide insight into the viability of future composition variations.

2. Results and Discussion {#sec2}
=========================

2.1. Membrane Characterization {#sec2.1}
------------------------------

A membrane support structure should be biologically, mechanically, and thermally stable. Therefore, SEM provides insight into the porous structure of the membrane and provides a visual explanation for a nondimensional indication permeability that is given by the aspect ratio of the pore geometry; hence, we evaluate pore structures with SEM images for the unmodified membrane SupP and modified membranes SupPAC and SupPACMoDS. The membranes prepared at a PAN casting solution thickness of 100 μm are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. There is apparent smoothness in the surface of the active layer of the membrane, and surface modification occurs. The transversal cut images show a noticeable variation in the pore size and type. For the SupP membrane, there are defined finger-like pores; for SupPAC and SupPACMoDS, the finger-like pores shorten, and large sponge-like pores appear. In the case of SupPACMoDS, this might be caused by heating when the membrane is modified with NaOH, and when the LLCs are added.

![SEM images of membranes with a 100 μm PAN casting solution thickness. The images show the back, front, and cross-sections for (a) SupP, (b) SupPAC 100, and (c) SupPACMoDS 100**.**](ao0c00946_0001){#fig1}

To further understand these effects, BET analysis was performed to approximate the pore size and surface area of the 100 μm membranes, see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. The BET technique is becoming useful for membrane characterization as it provides direct information of the porosity and allow to predict the eventual transport of molecules.^[@ref41]−[@ref43]^ Gas adsorption techniques are useful when determining the porosity and pore surface area compared to other techniques. As can be established from the results, when the membrane is modified, there is an increased surface area, although the pore size is not proportional. Two samples for each membrane were evaluated. Since the unmodified SupP has the lowest BET surface area and modifications of the micropore surface area take place, these two variables increase. The pore size for SupPAC is smaller than those for SupP and SupPACMoDS, and this can be attributed to the cavities formed by the polyionic layer that, with the pressure exerted, promoted a collapsed state.^[@ref44]^ The isotherm for the SupP and SupPAC membranes resembles type III isotherm, indicating a multilayer formation process where typically the adsorbate--adsorbent interactions are low.^[@ref45],[@ref46]^ SupPACMoDS shows a type V isotherm; it is similar to type III due to low adsorbate--adsorbent interactions. However, type V has a present hysteresis loop that can be attributed to cavitation-induced evaporation or percolation in narrow pore necks. The pore size is likely to be associated with the hexagonal water channel with a diameter of ∼ 5 nm, as has been previously reported.^[@ref25],[@ref47]−[@ref49]^

![BET isotherms for 100 μm SupP, SupPAC, and SupPACMoDS membranes to determine the pore size and surface area and tabulated values.](ao0c00946_0002){#fig2}

Furthermore, the SEM images of the membrane with a PAN casting solution thickness of 120 μm are shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. As can be observed from these images, the SupP membrane ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a) shows small but wide and defined finger-like pores. Similarly, the SupPAC membrane ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b) presents long and defined finger-like pores that stretch through the entire membrane material. Once again, the SupPACMoDS membrane ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c) presents a combination of pores; it has small finger-like pores and larger sponge-like pores. This confirms that the heating process does affect the pore structure of the PAN-supported membrane.

![SEM images of membranes with a 120 μm PAN casting solution thickness. The images show the back, front, and cross-sections for (a) SupP, (b) SupPAC 120, and (c) SupPACMoDS 120.](ao0c00946_0003){#fig3}

Here is an increment in the pore size as modification takes place compared to 100 μm. The isotherm graph shows a type IV isotherm, which is typical for mesoporous solids, where the solid gets absorbed in a multilayer manner.^[@ref45],[@ref50]^ Moreover, this type of isotherm is associated with capillary condensation, which takes place within the pores due to increased van der Waals interactions and is the theoretical limit of adsorption stability.^[@ref51],[@ref52]^ This occurs when the pore width exceeds a certain critical width, which is dependent on the adsorption system and temperature. The capillary condensation can be associated with large pore channels that can be confirmed with the SEM images. BET analysis was also used to approximate the pore size and surface area of the 120 μm membranes ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}).^[@ref23],[@ref53]^

![BET isotherms for 120 μm-thick SupP, SupPAC, and SupPACMoDS membranes to determine the pore size and surface area and tabulated values.](ao0c00946_0004){#fig4}

As a strategy to understand the surface free energy aspects of the fabricated membranes, the contact angle technique was employed to determine the hydrophilicity/hydrophobicity of the membranes ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}).^[@ref54]−[@ref56]^ The SupPAC membranes have a high contact angle and low surface energy; these indicate weaker attractive forces between the material surface and the water droplet. The results suggest that adding the polyanion and polycation layers creates a disturbance in the surface energy and promotes partial nonwetting.^[@ref57],[@ref58]^ Moreover, the LLC surface promotes complete wetting on the surface, which can be attributed to the exposed polar side of the LLC mixture.

![Contact angle and surface energy results with contact angle images after 60 s for 100 and 120 μm membranes.](ao0c00946_0005){#fig5}

SupPAC 120 exhibits a contact angle of 68° and a surface energy of 42 mN/m and SupPAC 100 shows a contact angle of 72° and a surface energy of 39 mN/m, whereas SupPACMoDS 100 shows a contact angle of 20° and a surface energy of 68 mN/m. The SupPACMoDS membranes present a much lower contact angle and much stronger attractive forces, hinting at better permeability. However, SupPAC 120 and SupPACMoDS 120 have slightly lower contact angle values than their counterparts. These results are not only due to the membrane surface chemical composition but also due to their more organized pore arrangement since the morphology of the pores contributes, as previously observed in SEM. The 120 μm SupPACMoDS membrane shows a contact angle of 15° and a surface energy of 70 mN/m, indicating that this membrane has higher hydrophilicity and favors permeation.

To determine whether this behavior correlates with membranes with higher water permeation, an FO test was performed on each membrane. An ideal FO membrane is the one that has high water flux and low reverse salt flux. The parameters that were considered were water flux (*J*~w~) and reverse salt flux (*J*~s~) and the errors were all less than 1 LMH for water flux and less than 0.001 for reverse salt flux. SupPAC 120 showed the highest water flux of 3.1 LMH; this is linked to the directionality and size of the pore previously determined by BET analysis and observed by SEM. The error bars indicate the preciseness of the measurements; therefore, a smaller error indicates fewer deviations between runs. In the case of SupPAC 120, the membrane has a higher water flux, but error bars signify a considerable deviation between runs.

Moreover, an exposed charged layer combined with an increased water flux might be responsible for a higher reverse salt value. In the case of the modified SupPAC MoDS100 and 120, they both provide the same water flux, 2.5 LMH, but the reverse salt flux, which indicates that the salt rejection was optimal for SupPAC MoDS120, suggesting that the membrane thickness combined with the LLC modification has a positive effect on limiting reverse salt diffusion ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). SupPACMoDS 120 emerges as the most feasible membrane for this application due to a much lower reverse salt flux and beneficial water flux.^[@ref59]^

![Water and reverse salt flux results of membranes exposed to the FO bench-scale FO system.](ao0c00946_0006){#fig6}

3. Conclusions {#sec3}
==============

In summary, this work dealt with the fabrication, characterization, and performance evaluation of a new class of water purification membranes with an LLC layer. This alteration provides a feasible membrane for forward osmosis that has acceptable water flux and enhanced salt rejection properties. In addition, the biomimetic membrane BET characterization provides insights into the LLC structure and possible pore modifications that can be performed to enhance the properties of the membrane further. The designed biomimetic membrane has the potential to be employed for wastewater reclamation, drug extraction, emerging contaminant, and small contaminant entrapment and degradation.

4. Experimental Section {#sec4}
=======================

4.1. Materials {#sec4.1}
--------------

Monoolein (MO) unsaturated was purchased from Fisher Scientific (USA). Phosphate-buffered saline 1 M, pH 7.4, and the photoinitiator hydroxy-2-methylpropiophenone were purchased from Sigma (USA); 1,2-Distearoyl-*sn*-glycero-3-phosphocholine (DSPC) (1 g) was purchased from Fischer Scientific (USA). Polyethyleneimine branched (PEI, Mw ∼ 25,000), poly(sodium 4-styrenesulfonate) (PSS, Mw ∼ 70,000) powder, polyacrylonitrile (PAN, Mw ∼ 150,000), and dimethyl sulfoxide (purity = 99.5%) were purchased from Sigma Aldrich. Polyester Mesh 105 Micron-Open Area %: 52---Width: 40 in. was purchased from Elko Filtering CO. Sodium chloride (NaCl, ACS reagent \> 99%) was purchased from Sigma Aldrich. Milli Q water with a resistivity of 18.23 MΩ·cm^2^ was used at all times.

4.2. Methods {#sec4.2}
------------

### 4.2.1. Membrane Preparation {#sec4.2.1}

Polyacrylonitrile-based membranes were prepared using 12% DMSO with 2% LiCl at 60 °C overnight.^[@ref41]^ Then, the solution was cast on a polyester mesh and the porous membrane substrate was prepared by the phase inversion method; these membranes are labeled as SupP. In the aforementioned process, two PAN solution thicknesses were prepared at 100 and 120 μm to examine how varying PAN thickness affected the membrane performance and properties. The PAN membrane was exposed and immersed in a NaOH 1.5 M solution at 45 °C for 1.5 h. After the membranes were rinsed with nanopure water, the PEI (1 %w/v) prepared in aqueous solution was added to the top layer. After rinsing with nanopure water, 1%w/v PSS was prepared in aqueous solution. The PEI was deposited on top of the PAN membrane to form a polycation layer, whereas the PSS solution was deposited to form the polyanion layer, and both were added to promote stability and adherence from the zwitterionic phosphocholine to the membrane support. Each deposition had a duration time of 30 min, and each absorption was followed by a rinse of DI water for approximately 2 min to ensure the removal of redundant polyelectrolytes.^[@ref41]−[@ref43]^ Membranes following this surface medication are labeled as SupPAC.

### 4.2.2. Preparation of LLCs and Substrate Deposition {#sec4.2.2}

The lipid mixture was first prepared by weighing a certain amount of MO:DSPC (MoDs) at a ratio of 90:10 dissolved in a mixture of chloroform/methanol (200 μL) to obtain a homogenous solution. Then, the bulk of organic solvent was removed by exposing the solution to a gentle stream of nitrogen gas, ensuring that the vial is kept warm to facilitate the process. Afterward, the vials were placed openly under vacuum overnight to ensure that all the traces of the solvent had been removed, and then the lipid mixture was stored at −20 °C. The liquid crystal phase was then prepared using a previously established protocol to obtain the crystalline phase; the mixture was first carefully melted and loaded into a 250 μL Hamilton gas-tight syringe and the aqueous phase in a 100 μL Hamilton gas-tight syringe and the photoinitiator was added at 5% of the total volume, and then they were connected using a syringe coupler, and upon applying mechanical pressure, a clear LLC gel was produced.^[@ref44],[@ref45]^ After the LLC was prepared, it was deposited onto a SupPAC membrane. The process requires spreading of the gel on the SupPAC support, by adding the gel onto the membrane and then placing the membrane in between Mylar sheets and fixing it between two glass plates. The subsequent process involved spreading of the gel to generate a thin gel film. Then, the glass plates were covered with aluminum and placed at 65 °C while being irradiated with UV light at 365 nm for 30 min to promote crosslinking.^[@ref46],[@ref47]^ The membranes undergoing this surface modification are labeled as SupPACMoDS.

4.3. Membrane Characterization {#sec4.3}
------------------------------

### 4.3.1. Scanning Electron Microscope {#sec4.3.1}

SEM imaging was conducted using a JEOL 6480LV scanning electron microscope (SEM); for transversal images, the samples were dipped in liquid and cut using a sharp blade, and all samples were placed in sample holders and sputtered with a thin gold film (ca. 10 nm thick).

### 4.3.2. Brunauer--Emmett--Teller (BET) {#sec4.3.2}

BET measurements were conducted using a TriStar II 3020, and isotherms were determined using N~2~ adsorption at 77.3 K bath temperature. Before the BET measurements, the samples were dried at 40 °C for 1 h.

### 4.3.3. Contact Angle (CA) {#sec4.3.3}

The wettability of the SupPAC and SupPACMoDS membranes was evaluated using a Krüss drop shape analyzer DSA25S (Krüss Optronic, Hamburg, Germany) at room temperature. The membranes were cut to obtain 1.5 cm^2^ pieces that were fixed to the stage using carbon tape. A 4.25 μL nanopure water droplet was released from a syringe with a 25-gauge flat needle (0.51 mm inner diameter, 0.26 mm outer diameter) onto the surface of the sample. The images of the drop were recorded every 0.5 s up to 60 s and analyzed in real time using the Advance software (version 1.8), and all evaluations were performed in triplicate.

4.4. Forward Osmosis Evaluations {#sec4.4}
--------------------------------

Membrane performance was evaluated using an in-house FO system using nanopure water (18 MΩ·cm^2^) as the feed solution and 5 %w/v NaCl as the draw solution. A rectangular piece of the membrane of 2 1/2 × 5 cm was correctly placed in an acrylic FO cell with a membrane active area of 4.25 cm^2^, and the active layer was facing the feed solution. All operation conditions were set following a previously published method. FO evaluation was executed by creating a water flux from the feed solution (FS, low osmotic concentration) to the draw solution (DS, high osmotic concentration) by virtue of the osmotic pressure generated. The water flux rate for all membranes was determined using the following equation:where *J*~w~ is the water flux rate in LMH (L·m^--2^·h^--1^), Δ*V* is the volume increment in the osmotic solution in L, *A*~M~ is the active membrane area, and *t* is the time or the duration of the test in hours (run for 1 h). The reverse salt flux from the draw solution to the feed side was obtained using the following equation:where *J*~s~ is the reverse salt flux in GMH (g·m^--2^·h^--1^) and *C~t~* and *V~t~* are the salt concentration and the feed volume at the end of the run, respectively. It is important to establish that this process is repeated for a total of *n* = 9 per membrane.
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